Objective: GH-deficient (GHD) adults have reduced serum concentrations of IGF1. GH replacement therapy increases serum IGF1 concentrations, but the interindividual variation in treatment response is large and likely influenced by genetic factors. This study was designed to test the hypothesis that single-nucleotide polymorphisms (SNPs) in genes within the GH signaling pathway influence the serum IGF1 response to GH replacement. Design and methods: A total of 313 consecutive GHD adults (58.1% men; mean age 49.7 years) were studied before and after 1 week, 6 months, and 1 year of GH treatment. GH dose was individually titrated to normalize serum IGF1 levels. Six SNPs in the GH receptor (GHR) and the GH signaling pathway (JAK2, STAT5B, SOCS2, and PIK3CB) genes were selected for genotyping. The GHR exon 3-deleted/full-length (d3/fl) polymorphism was analyzed using tagSNP rs6873545. Results: After 1 week of GH replacement, homozygotes of the fl-GHR showed a better IGF1 response to GH than carriers of the d3-GHR (PZ0.016). Conversely, homozygotes of the minor allele of PIK3CB SNP rs361072 responded better than carriers of the major allele (PZ0.025). Compared with baseline, both SNPs were associated with the IGF1 response at 6 months (PZ0.041 and PZ0.047 respectively), and SNP rs6873545 was further associated with the IGF1 response at 1 year (PZ0.041). Conclusions: Our results indicate that common genetic variants in the GH signaling pathway may be of functional relevance to the response to GH replacement in GHD adults.
Introduction
In adults, hypopituitarism and untreated growth hormone deficiency (GHD) are associated with a metabolic syndrome-like phenotype (1) and an almost doubled risk for vascular mortality (2). GH replacement therapy improves the metabolic abnormalities, but there is considerable variability in treatment response. Clinical variables, such as sex, age, BMI, GH dose, and the route of estrogen replacement in women have been linked to the response to GH replacement (3, 4, 5), but together these factors only explain a small part of the variability in GH treatment effect (6) . Genetic factors, such as polymorphisms in genes within the GH signaling cascade, may also influence the responsiveness to GH. In this context, the GH receptor (GHR) exon 3-deleted/full-length (d3/fl) polymorphism is the most intensively studied variant.
The d3-GHR has been suggested to confer a more GH-sensitive receptor, and in GHD short children carriers of the d3-allele have in many studies, although not all, been shown to respond better to GH in terms of growth velocity and final height than noncarriers (7) . Studies on adult GHD populations have produced more conflicting data, showing either no association or a better response in carriers of the d3-GHR (8, 9, 10, 11) . Previous studies have, however, focused on the long-term (O6 months) response to GH replacement therapy, rather than the early response.
At the molecular level, responses to GH are mediated by the GHR encoded by the GHR gene, located on chromosome 5, region p13.1-p12 (12, 13) . Binding of GH to the GHR leads to rotation within the GHR subdomains and results in transphosphorylation and activation of the GH signaling cascade, which involves the JAK2/STAT5 pathway (14, 15) . Eventually, this activation leads to an increased generation of insulin-like growth factor 1 (IGF1). GH also activates the suppressor of cytokine signaling (SOCS) genes, which mediates an inhibitory effect on the GH signaling (16, 17) , thereby producing an intracellular negative feed-back loop. In addition, some of the metabolic effects of GH are the results of activation of phosphoinositide 3-kinases (PI3Ks) (18) , such as phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit beta (PIK3CB), effects which are thought to be independent of the GHR-induced IGF1 generation.
Several polymorphisms in genes within or directly downstream of the GH signaling pathway have been identified, and previously suggested to be of functional importance. The PIK3CB single-nucleotide polymorphism (SNP) rs361072 has been associated with insulin sensitivity (19) , serum IGF1 levels, and longevity (20) . Two SNPs in the JAK2 gene have been associated with central adiposity (rs7849191) and blood lipid levels (rs3780378) (21) . Lastly, STAT5B SNP rs6503691 has been associated with breast cancer (22) and cholesterol levels in children with idiopathic GHD before, during, and after GH replacement (23) , and SOCS2 SNP rs11107116 has been associated with peak height velocity during puberty (24) and adult height (25) .
The overall aim of this study was to test the hypothesis that SNPs in genes within the GH signaling cascade are associated with the serum IGF1 response during GH replacement therapy. The specific aim was to investigate this association during short-and long-term GH replacement therapy.
Subjects and methods

Patients
The patients enrolled in this study are part of a larger longitudinal clinical trial, carried out on adults with hypopituitarism and GHD (nZ457) treated at the Sahlgrenska University Hospital (Gothenburg, Sweden). In this project, patients who refused genetic testing (nZ51), with missing data during their 12 months of GH replacement therapy (nZ51), who were enrolled in another study (nZ28), or had compliance problems (nZ14), were excluded, resulting in a cohort of 313 GHD adults (58.1% men) with an average age of 49.7 years (range 17-77). The clinical characteristics of the patients are shown in Table 1 . Patients had a well-defined hypothalamic-pituitary disease and the diagnosis of GHD was confirmed as described elsewhere (26) . Two hundred and eighty-one patients had adult onset GHD (AO-GHD) and 32 cases were childhood onset (CO-GHD). None of the AO-GHD patients had previously received GH treatment. CO-GHD patients had previously received GH therapy, but it had been discontinued at least 4 years before they were retested and restarted on GH replacement in adulthood. Patients with previous treatment for Cushing's disease (nZ20) and acromegaly (nZ10) were in remission before entering the study and fulfilled international diagnostic criteria for GHD (26) . The most common etiology of GHD was nonfunctioning pituitary adenoma (40.9%). When required, patients received adequate and stable replacement therapy with glucocorticoids, thyroid hormone, sex steroids, and desmopressin for at least 6 months before commencing GH. Written informed consent was obtained from all patients. The study was approved by the Ethics Committee at the University of Gothenburg (Sweden) and performed in accordance with the Declaration of Helsinki.
Study design
Patients were prospectively enrolled (between years 1993 and 2009) in an open label treatment protocol, and serum samples were obtained at baseline, 1 week, 6 months, and 1 year after start of GH replacement therapy. The first 65 included patients who received a weight-based GH dose (mean dose 0.52 mg/day, range 0.33-2.64), a dosing regimen which was abandoned after a few years and replaced by an individualized treatment strategy (27) . All patients received recombinant human GH, administered s.c. every evening, which was titrated against serum IGF1 collected after 1 and 4 weeks of GH replacement and every 3 months subsequently to maintain age-adjusted serum IGF1 levels.
Anthropometry and body composition
Body weight (BW) was measured in the morning to the nearest 0.1 kg and body height was measured barefoot to the nearest 0.1 cm. BMI was calculated as BW (kg) divided by height squared (m 2 ). Waist circumference was measured in the standing position with a flexible plastic tape placed midway between the lower rib margin and the iliac crest; hip girth was measured at the widest part of the hip. Body fat (BF) was determined by dual energy X-ray absorptiometry (DEXA). The DEXA measurements were performed using a LUNAR-DPX-L DEXA scanner (LUNAR Radiation, Madison, WI, USA).
Measurements and biochemistry
Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured after at least 5 min of supine rest using the sphygmomanometric cuff method. Blood chemistry analyses were performed at the Department of Clinical Chemistry, Sahlgrenska University Hospital (accredited according to ISO/IEX 17025). IGF1 levels were determined in serum samples collected in the morning after an overnight fast, using a hydrochloric acid-ethanol extraction RIA with authentic serum IGF1 for labeling (Nichols Institute of Diagnostics, San Juan Capistrano, CA, USA). After 2004, the serum IGF1 levels were determined using an automated chemiluminescent immunoassay (Advantage) from Nichols. From September 2006, serum IGF1 was determined using an automated chemiluminescent assay system (IMMULITE 2500, Diagnostic Products Corp., Los Angeles, CA, USA). Both assays had a detection limit %20 mg/l and an inter-assay coefficient of variation %9.3%. The WHO NIBSC 1st IRR 87/518 standard was used for calibration throughout the study period.
SNP selection and genetic analyses
The selection of candidate genes was based on their wellestablished function in the GH signaling cascade according to previous publications. Further selection of candidate SNPs within these genes was also based on earlier reports on functionality and/or associations with aspects of GH function. Owing to the limited size of our cohort, we chose to only include SNPs with a minor allele frequency (MAF) O10% in the HapMap CEU Panel. Genomic DNA was isolated from whole blood using the Flexigene DNA Kit (Qiagen). The following genes and SNPs were selected for analysis: GHR SNP rs6873545, JAK2 SNPs rs3780378 and rs7849191, PIK3CB SNP rs361072, SOCS2 SNP rs11107116 and finally STAT5B SNP rs6503691. The GHR d3/fl polymorphism was analyzed using tagSNP rs6873545, as previously validated (28), and genotyped using TaqMan SNP genotyping. The remaining SNPs were genotyped on the Sequenom Platform (Sequenom, Inc., San Diego, CA, USA). In the TaqMan SNP genotyping, 10 ng genomic DNA were added to a reaction mix containing 1! TaqMan Genotyping PCR Master Mix (Applied Biosystems) and SNP-specific genotyping assay (C_28966089_10; Applied Biosystems). Reactions were carried out in 5 ml reaction mix on 384-well plates (Applied Biosystems). PCR amplification was performed using a 384 dual GeneAMP PCR system 9700 instrument (Applied Biosystems) and allele detection was carried out in an ABI Prism 7900HT Sequence Detection System instrument (Applied Biosystems). The Sequenom genotyping was performed using matrix-assisted laser desorption/ionization time of flight mass spectrometry (Sequenom, Inc.), as described elsewhere (29) .
Statistical analyses
Statistical analysis was performed using IBM SPSS Statistics v20.0 (SPSS, Inc. 
Results
Genotyping
Genotyping success rate was O97.4% (mean 98.8%) for all assays. MAFs varied between 12.5 and 48.2%, and all SNPs except rs3780378 conformed to the Hardy-Weinberg equilibrium (HWE; SNP rs3780378 was subsequently excluded from further statistical analyses). For MAFs and HWE c 2 test P values, see Table 2 .
Genotypes and baseline clinical characteristics
General baseline characteristics of the patients are presented in Table 1 . Genotypes were not related to baseline clinical characteristics and/or parameters; including baseline serum IGF1 levels, CO-GHD, and/or previous acromegaly.
Clinical response to GH replacement therapy
Mean daily GH dose at commencement and at 1 week was 0.23 mg (range 0.03-2.64 mg) and at 12 months of treatment it was 0.44 mg (range 0.08-1.98 mg). Average serum IGF1 concentration (GS.D.) at baseline was 108.3 (G71.4) mg/l, which increased to 172.2 (G113.6) mg/l (P!0.001) after 1 week of GH replacement, corresponding to a mean increase of 58.8 (G71.3) mg/l (range K189.0 to 423.0 mg/l). After 6 and 12 months of GH replacement, average serum IGF1 concentrations (GS.D.) had increased by 137.3 (G103.1) mg/l and 142.8 (G101.1) mg/l respectively. BW was unchanged, while BF percentage was reduced by 2.5 (G3.3) % (P!0.001), waist-to-hip ratio reduced by 0.02 (G0.06) (P!0.001), and SBP and DBP were reduced by 1.7 and 1.5 (G15.0 and G9.4) mmHg (PZ0.05 and PZ0.007 respectively) after 12 months of therapy.
Genotypes and early (short-term) response to GH replacement therapy
In linear regression analyses adjusting for sex, age, and baseline GH dose, SNPs rs6873545 (GHR) and rs361072 (PIK3CB) were significantly associated with the percentage of change in IGF1 concentrations at 1 week of GH replacement therapy (PZ0.016 and PZ0.025 respectively). Homozygotes of the fl-GHR had on average a 45% larger increase in serum IGF1 levels than individuals carrying the d3-GHR. Conversely, minor allele carriers of SNP rs361072 showed a 37.5% larger increase in serum IGF1 levels than homozygotes of the major allele. For illustration, see Fig. 1 (figure shows unadjusted means). The magnitude of the genotype effect did not materially change when analyses where repeated without those patients who were treated using the old GH dose regimen. Genotypes were not associated with crude serum IGF1 concentrations at 1 week of GH replacement. Effect sizes and P values are summarized in Table 3 . 
Genotypes and long-term response to GH replacement therapy
As compared with baseline, SNP rs6873545 (GHR) was associated with the percentage change in IGF1 levels at 6 months (PZ0.041) and at 1 year (PZ0.041). SNP rs361072 (PIK3CB) was significantly associated with the percentage change in IGF1 levels at 6 months (PZ0.047) of GH therapy. When comparing the serum IGF1 response between 1 week and 6 and 12 months, no SNP was significantly associated with the long-term (6 months or 1 year) responses to GH replacement therapy (Table 3) .
Discussion
In this present study on adults receiving GH replacement therapy for 1 year, we found that among the studied SNPs within the GH signaling pathway, GHR SNP rs6873545 and PIK3CB SNP rs361072 could significantly predict the early (short-term) IGF1 response to GH replacement therapy. In contrast to previous studies on the association between the GHR d3/fl polymorphism and long-term response to GH treatment, we found that the fl-GHR was strongly associated with a larger short-term serum IGF1 response. The golden standard for GH replacement treatment regime is to use an individualized GH dose titration (27) . A patient sensitive to GH will require a low GH dose to normalize serum IGF1 concentrations and a patient less sensitive to GH will require a higher GH dose. This treatment regime allows for an individualized approach, which on the other hand is likely to mask clinical and genetic predictors of response, as the response variable is being adjusted consecutively during the treatment period. In order to increase the possibilities to detect the effect of genetics on GH responsiveness, we investigated the early response to GH (at 1 week), when neither GH dose titration nor other possible external confounders are expected to have impacted on the treatment response. Using this approach, we were able to demonstrate that GHR SNP rs6873545 and PIK3CB SNP rs361072 were significantly associated with the IGF1 response to GH treatment. SNP rs6873545 is a tagSNP for the GHR d3/fl polymorphism, which has been extensively studied in both pediatric and adult GH treatment studies (7) . In a study on adult GHD patients, it was demonstrated that d3-GHR carriers had a larger increase in serum IGF1 levels, more marked decrease in total-and LDL-cholesterol levels, and a greater increase in serum HDL-cholesterol levels after 1 year of GH replacement therapy (11) . Another study showed that d3-GHR carriers require w25% less GH during replacement therapy than fl-GHR carriers (10) . Other studies have, however, not shown associations between d3/fl genotype and response to GH in adults (8, 9) . 
SNP info
Percentage change in serum IGF1 In our study, 1 week of GH replacement increased the serum IGF1 concentrations on average by 100% (unadjusted values). Interestingly, when dividing the cohort into genotype groups for rs6873545, the fl-GHR homozygotes were responding better to GH replacement than heterozygotes and d3-GHR homozygotes in terms of the early response in IGF1 (1 week). Unadjusted, on average, fl/fl subjects had increased their serum IGF1 levels by 126% after 1 week of GH treatment, whereas both d3/fl and d3/d3 subjects had increased theirs by 69%. This is in contrast to previously published data. There may be several reasons for this discrepancy since there are some obvious differences between our study protocol and previous ones. First, to our knowledge, this is by far the largest adult GHD cohort in which the GHR d3/fl polymorphism has been analyzed. Also, no reports on an early (1 week) IGF1 response, before any dose titration has occurred, are to be found in the literature. We argue that the early response to a fixed dose of GH is a clean study model and the very short period of observation is likely not influenced by other external confounders that may occur during a more long-term treatment. Further, we analyzed the percentage of change in serum IGF1, as opposed to other publications analyzing the crude serum IGF1 levels or delta. The reason for our choice is that we believe that the percentage of change in IGF1 levels is a better variable for response prediction because of the large baseline differences in serum IGF1 concentrations in adults with GHD (30) .
Some of the metabolic effects of GH are the results of activation of PI3Ks, such as PIK3CB. Interestingly, the G-allele of PIK3CB SNP rs361072 has been shown to create a GATA-binding site capable of increasing transcription of PIK3CB (19) . In addition, this SNP has been shown to be associated with serum IGF1 levels and longevity (20) . In our study, rs361072 was associated with the early IGF1 response (1 week) to GH replacement. On average, after 1 week of GH replacement, the G/G subjects had increased their serum IGF1 concentrations by 157.6%, in comparison to A/G (103.4%) and A/A (71.0%) subjects (unadjusted). In accordance with previous findings, which have shown that homozygotes of the G-allele of this SNP had higher free serum IGF1 levels (20) , in our study the G-allele was associated with a larger IGF1 response to GH.
The major strength of this study is that we analyzed the early and long-term response to GH replacement therapy separately. Our study also has some limitations that should be mentioned. First, the candidate gene approach that we used is dependent on publicly available data and previous findings, and it is therefore possible that some important SNPs may not have been included in the analysis. Another limitation is the sample size (nZ313). Although this is the largest study of its kind, larger sample sizes are needed in order to achieve more reliable results that can be successfully replicated in other studies.
To conclude, this study is the first to demonstrate an impact of SNPs within the GH signaling cascade on the early IGF1 response to GH replacement therapy in GHD adults. The large effect sizes of the genotypes strongly indicate that they are likely to have a clinically meaningful influence on the response to GH; however, future studies are needed to demonstrate whether using genotype can improve the management of adult patients with GHD during replacement therapy.
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